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GENERAL INTRODUCTION
The electrolytic cleaning of metals by anodic methods
has been known for many years. It was recognized long ago
that when the temperature and concentration of the electro-
lyte were properly regulated, bright clean surfaces were
obtained. It was not until 1935, however, when the origi-
nal paper of P. A. Jacquetl was published, that electro-
lytic polishing received the attention of the metallurgical
world. Since that time it has been the subject of much
investigation and discussion.
Electropolishing of many metals and alloys has been
developed by metallographers for preparing specimens for
microscopic examination.5 Ordinary mechanical polishing
.of metallographic specimens results in the formation of
an amorphous film of worked metal on the surface. One
purpose of subsequent chemical etching is to remove this
layer of worked metal. Sometimes this can only be accom-
plished by a deep etch. The resulting etching pits and
heavy appearance of the grain boundaries, due to preferen-
tial attack, are liable to obscure completely any fine
inclusions or~segregations peculiar to the specimen under
examination. The development of eleotropolishing has pro-
vided a means of removing this worked metal layer from the
specimen surfaoe without etching.
It is in this field of metallography that electro-
polishing has advanced the furthest, however, there are
-1-
at the present time some industrial applications of the
process in the stainless steel6 and silverware? indus-
tries. It has also been very successfully adapted to
the polishing of intricate shapes which are difficult or
impossible to polish by mechanical methods. In the future
it is believed that this fairly new and unique process
will attain greater importance and wider application in
the industrial field.
The ultimate objective of this thesis is to deter-
mine the best conditions for the electropolishing and
etching of copper for microscopic examination. In con-
junction with this, several aspects of electropolishing
were studied. The effect of certain variables was deter-
mined, including type and composition of eleotrodes, oon-
centration and composition of eleotrolyte, degree of agi-
tation and temperature. A comparison study between elec-
trolytic and mechanically polished surfaces was made to
determine their respective merits as to r-eflecting power
and loss in metallic weight.
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THEORY
Essentially, electropolishing consists in making the
article to be polished the anode in an acid electrolytic
bath capable of forming a soluble salt with the constit-
uent metal. The soluble anodic corrosion products form a
concentrated liquid film of about one-half millimeter thick-
ness over the anode surface. This film slowly diffuses into
the eleotrolyte and is maintained by the continuous electro-
lytic dissolution of the specimen surface. The layer forms
over the surface in such a way that it covers all the pro-
jections and recesses. Thus the s0lution interface can be
considered a str~ight line. This film offers electrical
resistance to the passage of current, and the value of this
resistance, depending on the film thickness, slows down the
electrolytic action most where its thickness is greatest.
This will be in the valleys formed by scratches on the sur-
face. Figure 1 shows an exaggerated rough surface covered
by a film of corrosion products.
Electrol te a
_Liq~i~ _Film- -
b
Specimen
FIGURE 1
LIQUID FILM OF ANODIC CORROSION PRODUCTS
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The distance ~ is greater than the distance cd,
therefore, the elevation at point ~ has a thinner layer
of the resistant film covering it than point b. This
differential in film thickness allows electrolytic action
to proceed faster at point d than at b. Thus the projec-
tions are dissolved to a greater extent than the depressions
resulting in a gradual smoothing out and polishing.
The concentration-layer serves two functions. First,
it is the source of a back electromotive force in the cell.
Secondly, the film serves to limit the current through the
bath when the back electromotive force has reached a cer-
tain value dependent upon conditions in the cell. These
two roles can be more clearly understood by considering
the nature of the concentration-layer. The anode film is
undoubtedly formed because of the slow diffusion rate of
dissolved anode material into the bulk of the electrolyte.
The film must be dissipated by diffusion and not by elec-
trolytic motion of the metal ions because the current
through the cell is carried, for the most part, by the
highly mobile hydrogen ions. If this explanation is
correct, and if the law of diffusion holds, then the con-
centration gradient of dissolved metal at the anode must
be proportional to the current density. The metal ion
concentration in the film is, however, dependent upon the
solubility limit of that metal in the solution. When this
limit has been reached, the current will then be limited
by the rate of diffusion of metal ions away from the anode,
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that is, by the actual concentration gradient then exist-
ing at the anode.
Since this gradient is greatest near the projecting
portions of the surface, the projections will dissolve
more rapidly resulting in a leveling off of the face.
If the current is plotted against the voltage across
the cell, the resulting curve is of a shape as indicated
by Figure 2.
++-+++ +-+-+-t-t--ii-t-H-H-+-
FIGURE 2
THEORETICAL CURVE
A to 0 _ Metal removed without brightening.
o to C'_ Noticeable drop in current occurs, and
anodic brightening begins.
O'to D - Anodic brightening continues with very
little change in current density, but
considerable change in voltage.
D to E - Current increases sharply with little
change in voltage and a noticeable
evolution of gas.
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Polishing takes place when current conditions corre-
spond to the approximate horizontal portion of the curve.
The course of the curve is readily explained by the forma-
tion of the anodic film and the diffusion of the metal ions
into the electrolyte. Initially, the current increases
proportionally with increasing voltage inasmuch as diffusion
of the film takes place at a faster rate than its formation.
If the cell voltage is raised further, a point is reached
where the increased formation rate of the film balances its
diffusion rate. From this point on, further increase in
voltage merely increases the thickness of the film which
tends to limit the flow of current by its higher electri-
cal,resistance. The increased thickness of the fiLm is
due to the fixed diffusion rate of metal ions away from
the anode.
If the voltage is raised above a critical value, it
will puncture the film and attack the anode vigorously
under the evolution of oxygen. At this point the curVte
begins to rise and the current again increases propor-
tionally with increased voltage. No matter how fast the
film is formed it is continuously broken down by the in-
creased voltage. In this range polishing is hindered by
the oxygen bubbles which adhere to the surface and protect
it from further attack. The result is a bright pitted sur-
face.
When the current is too low for polishing, up to point
C on curve, a preferential attack on the high spots cannot
-6-
be obtained because the anodic corrosion products diffuse
into the electrolyte as soon as they are formed and a film,
therefore, is not built up. The action of the electrolyte
then becomes more of a chemical nature, etching the speci-
men instead of polishing it.
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APPARATUS AND PROCEDURE
The apparatus and electrical circuit which was used
for electropolishing is shown in Figures 3 and 4 below.
FIGURE 3
ELECTROPOLISHING APPARATUS
Battery , ~
--~------~ --I
Rheostat Milliammeter 1" I
1
LI j+----1 I---- - --.._ I. I---~---rI II I' I' I I I
1 I 1 I IIL-----' _j I L -.J
I Celi I Switch
I IL---fv+L--_j'\__J Voltmeter
FIGURE 4
SKETCH OF ELECTROPOLISHING CIRCUIT
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The cell consisted of the bottom section of a Win-
chester bottle and measured five inches in diameter by
two and one-half inches deep.
Various electrolytes of orthophosphoric acid were
investigated. These electrolytes were composed of differ-
ent concentrations of commercial eighty-five percent ortho-
phosphoric acid mixed with either distilled water or ether.
It was found that the most satisfactory electrodes
consisted of a circular copper cathode conforming to the
periphery of the cell, and a partially insulated copper
anode platform upon which the specimens were placed. Both
eleotrodes were cut from sheet copper of approximately one-
fiftieth of an inch in thiokness. The cathode measured
fifteen and one-half inches long and two inches wide, while
the anode consisted of a one-inch round disk. Both eleo-
trodes also had a copper extension strip measuring three-
eighths of an inch which formed the terminals for the
electrical conneotions. The distance from the anode to
the cathode on all sides was two inches. One other type
of cathode was studied. This was a two-inch perforated
round copper disk which was placed horizontally above the
anode. Other anodes differed only in the type of metal.
Those investigated included aluminum, monel and stainless
steel. The insulation used on all anodes, and on the
perforated copper oathode, was a black cement known as
Picein 105. This cement was developed for the purpose
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of rendering the apparatus used in chemical and physical
-laboratories gastight and watertight.
All specimens used in the experi~ents were cut from
sheet copper. These specimens were one-half inch by one-
half inch and about one-fiftieth of an inch in thickness.
This size was used throughout all experiments except where
otherwise noted.
The accessory equipment which was employed is plainly
illustrated in the photograph of Figure 3. Both voltmeter
and milliammeter were Weston direct current instruments.
The voltmeter had three scales ranging from 0 to 1.5 volts,
from 0 to 3 volts, and from 0 to 30 volts. The milliammeter
range was 0 to 300 milliamperes. Combined resistance of the
three rheostats was 459 ohms. Current was furnished by a
six volt storage battery.
Slight changes in this assembly were necessary for the
agitation and temperature tests. Agitation was provided
by an electric stirring device, the activation being trans-
mitted to the solution by means of a glass rod curved at
the stirring end. Temperature oontrol was furnished by
setting the electrolytic cell in a water bath, which, in
turn, was heated by a Fischer burner.
The alteration which was neoessary for the shunt re-
sistance circuit, and the optical instrument which was
used to measure the reflecting power of the specimen sur-
faces, will be described later.
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The procedure which was followed in polishing was
very simple. It consisted of placing the specimens on
the anode platform, lowering the platform into the elec-
trolyte, closing the switch and adjusting the current and
voltage by means of the variable resistance until the de-
sired values were attained. After polishing was completed,
the switch was opened, the platform lifted out of the elec-
trolyte, and the specimen washed in distilled water and
dried with filter paper.
The copper used in these tests was relatively smooth
to start with, therefore, no preliminary sanding was
necessary. If, however, the specimen is rough, it is ad-
visable to belt sand and then take down on emery paper to
000 grit. It was also found that if the copper samples
were immersed in a fifty percent solution of nitric acid
for about thirty seconds, a more rapid and uniform polish-
ing resulted.
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SECTION I
PRELIMINARY EXPERIMENTATION WITH AN ALUMINUM ANODE
Determination of Procedure
A series of preliminary tests was made to familiar-
ize the investigator with the procedure and peculiarities
of the electropolishing process. All these experiments
were conducted using an aluminum anode, and a copper cath-
ode conforming to the periphery of the cell. The elec-
trolyte consisted of 500 cubic centimeters of a forty per-
cent, by volume, solution of commercial orthophosphoric
acid mixed with water. In this particular series of tests
a low range rheostat was used, its range being from 0 to
19.5 ohms.
The aluminum anode was cut from sheet aluminum and
all sections in contact with the electrolyte were in-
sulated with Picein 105, except the upper face upon which
the copper specimens were placed. At first, the use of
aluminum as the anode material presented many difficul-
ties. These difficulties were principally due to the fact
that aluminum becomes anodized8 in solutions of ortho-
phosphoric acid, that is, an adherent aluminum oxide coat-
ing forms on the surface of the metal. -This coating is
highly resistant to the passage of electric current and
acts in the same capacity as an insulator.
Table I gives an approximate value for'the resis-
tance of this oxide film. The resistance of the elec-
-12-
trolyte was not taken into consideration, its value being
negligible.
TABLE I
APPROXIMATE RESISTANCE OF ALUMINUM OXIDE FILM
AND POLISHING FILM
I(ma. ) V(volts)R(ohms)
Aluminum after anodizing 17 2.40 141.2
Aluminum before anodizing 280 1.50 5.4
Resistance of aluminum oxide film (difference) 135.8
After polishing film formation 179 2.46 13.7
Before polishing film formation 245 1.15 4.7
Resistance of polishing film (difference) 9.0
Upon closing the switch, and lowering the anode plat-
form carrying the copper specimen into the electrolyte, an
evolution of oxygen took place. This resulted in the ano-
dizing of the aluminum. As anodization proceeded the current
gradually dropped as the voltage increased, and finally the
gas evolution decreased to a point where it was just notice-
able. Efficient polishing of copper was not possible under
these conditions, because either the gas caused the sample
to slide off the platform, or the resistant aluminum oxide
film prevented an adequate electrical contact between the
copper and the aluminum. The anode was sanded with emery
paper several times and the procedure was repeated, how-
ever, no consistant results were obtained.
It was then decided to completely anodize the aluminum
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surface and try to establish a contact between the copper
and the aluminum metal beneath the oxide coating. This
contact was achieved by preparing a copper specimen, de-
pressing the corners at right angles to the surface, and
pressing the points into the aluminum until they had
penetrated the aluminum oxide. This operation was carried
out in a closed circuit, hence, the contact was indicated
by an increase in current from 17 to 240 milliamperes. By
this method it was possible to produce a bright pitted
surface on the copper. Later it was learned that it was
not necessary to use pointed specimens. A contact could
also be established by moving the flat specimens around
on the anode until they had scratched through the oxide
layer.
Effect of SpeCimen Size on Electropolishing
A series of tests was conducted to determine the
effect of specimen size on polishing. The same elec-
trolyte and an anodized aluminum anode were used. Two
sizes were employed, namely, one-half and one-quarter
inch Copper squares. The maximum rheostat reSistance,
19.5 ohms, was used at all times, that is, the applied
voltage remained constant throughout these tests. All
speCimens were placed on the anode and moved about until
contact was established. Table II shows the results of
I
these experiments. From this table, it is evident that
the smaller the specimen, the more rapidly the polishing
-14-
film is formed and the lower the value of final current.
The formation of the fiLm is indicated by the presence of
a green layer of what is suspected to be CU3(P04)2. An
approximate value for the resistance of this film on a
one-half inch specimen is given in Table I.
TABLE II
EFFECT OF SPECII~ SIZE ON POLISHING
TimeTotal Initl.al Final for filmSpecimen Size time lema) Volts I(ma) Volts formation
1 .l.." i min • 245 1.15 240 1.40 Didn't form2 I" 1 min. 245 1.15 190 2.20 Didn't form3 1;. l-ramin. 245 1.15 180 2.42 65 sec.4 I" 2 min. 245 1.15 180 2.42 60 sec.5 i" 2t min. 245 1.15 175 2.50 65 sec.6 t;" 3 min. 245 1.15 180 2.44 60 sec.7 i: 3i min. 245. 1.15 177 2.51 60 sec.8 4 min. 245 1.15 179 2.44 65 sec.9 I" 4* min. 245 1.15 178 2.51 60 sec.10 I" 5 min. 245 1.15 180 2.42 65 sec.2·
Average 245 1.15 179 2.46 65 sec.
1 1.." 5 sec. 230 1.42 175 2.50 Didn't form2 i" 10 sec. 235 1.40 167 2.69 9-sec.3 15 sec. 230 1.40 166 2.70 8 sec.4 " t min. 233 1.40 162 2.73 10 sec.5 i 1~ 1 min. 235 1.42 169 2.71 8 sec.6 In Ii min. 232 1.43 166 2.70 10 sec.7 " 2 min. 230 1.44 166 2.70 7 sec.8 iff 2~ . 230 1.42 166 2.69 10 sec.-2 nun.9 " 3 min. 230 1.43 166 2.71 7 sec.10 1" 3t min. 232 1.42 167 2.72 9 sec.4
Average 232 1.42 166 2.70 8 sec.
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The faster rate of polishing sma.ll specimens is
explained by the following calculations of current
densities:
0Il!i-halfin_£h~~cim~n~
Aluminum anode area - 3.1416 :x: 1 _ 0.7854 sq. in.
4
Average current - 179 mae
Average voltage: 2.46 volts.
Current for aluminum anode without specimen _ 17 mae
Voltage for aluminum anode without specimen = 2.40 volts.
17 = 21.64 mae per sq. in.
0.7854
Area of specimen. 0.25 sq. in.
0.7854 - 0.25 • 0.5354 sq. in. of aluminum exposed.
0.5354 x 21.64 _ 11.6 mae
179 - 11.6 = 167.4 mae available for copper specimen.
167.4 = 669.6 mae per sq. in. - 0.67 amps. per sq. in.0.25
On~-.9..u!.r1e£inch m>~cimen~
Average current - 166 mae
Average voltage = 2.70 volts.
Area of specimen - 0.0625 sq. in.
0.7854 - 0.0625 = 0.7229 sq. in. of aluminum exposed.
0.7229 x 21.64 = 15.6 mae
166 - 15.6 = 150.4 mae available for copper specimen.
150.4 = 2406.4 mae per sq. in. = 2.41 amps. per sq. in.0.0625
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Effect of Copper on the Anodization of Aluminum
The anodized aluminum anode was sanded and another
pointed specimen was pr~ssed into the surface. This
arrangement was made to determine the effect of copper
on the anodizing of aluminum. The anode platform was
immersed in the electrolyte and evolution of gas took
place as before but was not as perceptible. Removal of
the copper specimen from the anode caused the gas evolu-
tion to proceed much more rapidly. However, after re-
placing the copper and re-establishing contact, the
volume of gas evolved decreased considerably. Conse-
quently, it was concluded that a copper contact with un-
anodized aluminum in an electrolyte of orthophosphoric
acid retarded the anodization of the aluminum. This is
readily explained by the fact that the current passing
through the cell would necessarily follow the path of
least resistance, which in this case would be through the
copper specimen. Therefore, the ourrent density on the
aluminum surface would be decreased and anodization would
be retarded.
Incidental Observations
Two other interesting phenomena were noted during
these initial tests; (1) a blaok stain occurred on the
polished copper specimens if handled by steel tongs
prior to washing; (2) a precipitation of oopper on the
surface of the aluminum anode occurred upon removal of
-17-
the anode from the cell. The black stain was due to
an electrolytic action between copper and iron. The
copper precipitate is explained by the relative positions
of copper and aluminum in the electrochemical series.
Upon removal of the anode from the electrolyte a film of
solution adhered to its surface. The presence of copper
ions in the solution was due to the anodic corrosion of
copper specimens. The resulting precipitation of copper
made evident the porosity of the aluminum oxide coating,
in that, if it were impervious an electrolytic contact
with the aluminum would be impossible and no precipita-
tion would occur.
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SECTION II
DETERIVIINATION OF ELECTRODES
Introduction
The purpose of this series of tests was to deter-
mine the most satisfactory electrodes for the electro-
polishing of copper. Four metals were investigated for
Use as anodes, namely, aluminum, monel, stainless steel
and copper. Two different types of copper cathodes were
examined. These consisted of a copper strip conforming
to the periphery of the cell and a round perforated Copper
disk placed horizontally above the anode. The former
cathode was used in all the following electrode tests ex-
cept where otherwise noted.
All these tests were carried out using a forty per-
cent, by volume, solution of orthophosphoric acid mixed
with water. Two additional rheostats were added to the
circuit inoreasing the maximum available resistanoe to
459 ohms. The reason for this was to make it possible
to obtain voltage and current readings over a wider
range in order to determine the polishing curves for
the various electrodes.
Aluminum Anode
After completing the preliminary investigations
described in Section I, it was found that it was possible
to electropolish copper employing an anodized aluminum
anode. The reason for the pitted surfaces that resulted
-19-
in these previous tests was that too high a voltage was
being used. This caused an evolution of oxygen, which
in turn caused a differential corrosion of the specimen
surface. It was also determined that when using elec-
trolytes of low electrical resistance which require low
voltages, the control of polishing comes from voltage
control and not from regulation of current density. The
next step, therefore, was to determine the polishing
curve before attempting to polish any.specimens. The
curve for the anodized aluminum anode is shown in Figure
5 and the data from which this curve was plotted is
shown in Table III. This curve corresponds fairly well
with the theoretical curve. No drop in current is noted
at the beginning of the polishing range because it was
impossible to obtain such readings, inasnruch as the
current was the factor that was gradually increased and
not the voltage. Several tests were also made in which
the voltage was gradually increased, however, no satis-
factory results were obtained.
The horizontal section in·the first leg of the curve
is strictly due to the time element. Depending upon the
time elapsed between consecutive instrument readings, this
...
portion of the curve will vary considerably, in fact, it
is possible to obtain a smooth ourve tor this section if
enough time is allowed to pass before any readings are
taken. In this way the lower section of the curve will
-20-
be either shifted to the right and will approach a
straight line function, or else it will more nearly
approach the shape of the theoretical curve.
It is evident from the data for this curve that
the aluminum anode has a wide polishing range, the
range extending from 0.99 volts to 2.27 volts.
Several specimens were polished using the aluminum
anode. The procedure followed was the same as before
except that initially all the resistance was in the cir-
cuit. The voltage was gradually increased by cutting
out resistance until the desired value was obtained. By
using this method it was no longer necessary to move the
Copper samples around on the anode until contact was es-
tablished. It seamed that contact was automatically ob-
tained as the voltage was built up. This improved the
efficiency of the aluminum anode considerably, however,
it still presented many difficulties.
A satisfactory polish was obtained by first clean-
ing the specimen in a fifty percent solution of nitric
acid and polishing for five minutes at 1.7 volts. After
washing and drying it was possible to etch the sample by
returning it to the cell and maintaining a potential of
0.1 volt for 1.5 minutes. This method proved very satis-
factory for the preparation of copper microspeeimens.
Several tests were also conducted at potentials
greater than those required for polishing, that is,
-21-
above 2.27 volts. Upon application of these higher
voltages a pronounced evolution of gas took place. The
resulting specimen surface was very pitted, but it was
also very bright. This surface had definite eye appeal
and gave the appearance of hammered copper. I.t is the
belief of the investigator that this aspect of the pro-
cess has some commercial possibilities.
TABLE III
POLISHING CURVE DATA FOR ALUMINUM ANODE
I(mal_ Volts lema) Volts
10 0.11 135 2.27.15 0.13 140 2.2820 0.15 145 2.3325 0.17 150 2.3530 0.19 155 2.3735 0.21 160 2.4240 0.65 165 2.4445 0.73 170 2.4550 0.75 175 2.4755 0.77 180 2.4960 0.78 185 2.5065 0.80 190 2.5170 0.81 195 2.5375 0.82 200 2.5480 0.83 205 2.5585 0.84 210 2.5690 0.85 215 2.5795 0.86 220 2.57100 0.87 225 2.58105 0.89 230 2.58110 0.91 235 2.59115 0.92 240 2.60120 0.94 245 2.61125 0...96 250 2.62130 0.99
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Perforated Copper Cathode
This cathode consisted of a two-inch perforated disk
placed horizontally above the aluminum anode. All sec-
tions were insulated except the upper face. The lower
side was insulated to restrict the evolution of hydrogen
to its top surface. This helped to prevent gas bubbles
from reaching the specimen, where they would have a detri-
mental effect. The arrangement of the cathode also con-
fined the electrolytic deposition of copper powder to its
top surface, thus preventing the powder from falling onto
the specimen, where it would cause the same kind of damage
as ,caused by gas bubbles.
The distance between the anode and cathode was one-
half inch. Figure 6 shows the polishing curve for this
cathode and Table IV lists the data from which it was
plotted. It is seen that this curve exhibits the same
general characteristics as the curve in Figure 5.
A few difficulties were noted in using this type of
cathode. Upon reaching a current of twenty milliamperes
hydrogen began coming off and continued to increase in
intenSity as the current was increased. This was probably
due to the small surface area of the cathode. Consider-
able difficulty was also encountered in using this arrange-
ment of electrodes as it was difficult to adjust and was
also impossible to observe the speoimens during polishing.
It was therefore concluded that this type of cathode offered
-24-
no advantages over the one previously used, hence, the
Copper cathode conforming to the periphery of the cell
was used in all subsequent experimentations.
TABLE IV
POLISHING CURVE DATA FOR PERFORATED COPPER CATHODE
I(ma) Volts I(ma) Volts
10 0.40 135 1.0715 0.63 140 1.1020 0.75 145 1.5525 0.79 150 2.3530 0.80 155 2.3835 0.81 160 2.40
40 0.82 165 2.4545 0.83 170 2.45
50 0.84 175 2.50
55 0.85 180 2.5060 0.86 185 2.55
65 0.87 190 2.56
70 0.88 195 2.56
75 0.88 200 2.58
80 0.89 205 2.62
85 0.90 210 2.65
90 0.91 215 2.66
95 0.93 220 2.68
100 0.94 225 2.70
105 0.96 230 2.72
110 0.98 235 2.74
115 0.98 240 2.75
120 0.99 245 2.77
125 1.00 250 2.78
130 1.02
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Monel Anode
The polishing curve for the monel anode is shown
in Figure 7 and the data from which it was determined
is listed in Table V below. The chief advantage of
using monel instead of aluminum was that monel is not
subject to anodization. Several specimens were polished
and etched on the monel anode and the results were as
satisfactory as those obtained when using the aluminum
anode. The same conditions for polishing and etching
which were used with the aluminum were found to be
TABLE V
applicable in this case also.
POLISHING CURVE DATA FOR MONEL ANODE
I(ma) Volts lema) Volts
10 0.11 135 0.90
15 0.12 140 0.92
20 0.13 145 0.94
25 0.14 150 0.95
30 0.15 155 0.98
35 0.16 160 1.00
40 0.17 165 1.04
45 0.18 170 1.10
50 0.20 175 1.15
55 0.21 180 1.21
60 0.22 185 2.42
65 0.23 190 2.44
70 0.25 195 2.44
75 0.26 200 2.45
80 0.27 205 2.45
85 0.28 210 2.46
90 0.31 215 2.46
95 0.33 220 2.46
100 0.35 225 2.47
105 0.40 230 2.48
110 0.45 235 2.48
.115 0.52 240 2.49
120 0.80 245 2.49
125 0.84 250 2.50
130 0.87
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Stainless Steel .Anode
The use of a stainless steel anode proved no more
advantageous than any previously investigated. It is
evident from the polishing curve in Figure 8 and the
data of Table VI below that the polishing range for the
stainless steel anode is less than that for aluminum or
monel.
TABLE VI
POLISHING CURVE DATA FOR STAINLESS STEEL ANODE
I(ma) Volts I(ma) Volts
10. 0..12 135 1.8715 0..14 140. 1.8820. 0.17 145 1.90.25 0..17 150. 1.9230. 0..20. 155 1.9535 0..20. 160 1.9740. 0..21 165 2.0.145 0..23 170. 2.0550. 0..24 175 2.10.55 0..26 180 2.1460. 0..61 185 2.1965 0..62 190. 2.2270. 0..64 195 2.2675 0..67 20.0 2.2980. 0..71 20.5 2.3285 0..73 210. 2.3590. 0..76 215 2.3895 0..79 220 2.4110.0. 0..82 225 2.4510.5 0..84 230. 2.47110. 0..85 235 2.49115 0..87 240. 2.50.120. 1.84 245 2.53125 1.85 250. 2.55130. 1.86
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Copper Anode
All sections of the copper anode in contact with
the electrolyte were insulated, except a one-quarter
square inch section in the center of the top surface.
This uninsulated area provided the electrical contact
between the anode and the copper specimens. The reason
that the anode was insulated so completely was that any
exposed section of the anode in contact with the elec-
trolyte would become polished. This would increase the
polishing time for the copper specimens and would also
necessitate a higher current to furnish the current density
necessary for polishing the larger area. It is therefore
understood that the exposure of any unnecessary area to
the electropolishing action would serve no useful purpose.
The polishing curve for the insulated copper anode
is plotted in Figure 9, and the data for this curve is
listed in Table VII. It is seen that this curve exhibits
approximately the same characteristics as the curve for
the anodized aluminum anode.
Several test specimens were polished and etched with
this anode and very satisfactory results were obtained.
It was therefore decided that for electropolishing copper,
an insulated copper anode and a copper cathode conforming
to the periphery of the electrolytic cell were the most
•
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efficient electrodes. All following experiments and
tests were conducted employing this arrangement.
TABLE VII
POLISHING CURVE DATA FOR COPPER ANODE
I(mal Volts I(ma) Volts
10 0.18 135 2.4015 0.20 140 2.4220 0.21 145 2.4525 0.23 150 2.4630 0.24 155 2.4735 0.25 160 2.4840 0.60 165 2.5045 0.75 170 2.5250 0.76 175 2.5555 0.78 180 2.5560 0.82 185 2.5765 0.84 190 2.5870 0.87 195 2.5g
75 O.gO 200 2.6080 0.g2 205 2.6385 0.g4 210 2.66gO 0.g6 215 2.67g5 0.g8 220 2.68
100 1.01 225 2.70
105 1.05 230 2.74
110 1.06 235 2.74
115 1.0g 240 2.75120 2.35 245 2.77
125 2.37 250 2.78
130 2.38
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SECTION III
EFFECT OF CONCENTRATION AND COMPOSITION
OF ELECTROLYTE
Introduction
Six electrolytes of orthophosphoric "acid were in-
vestigated, the compositions of which are given in Table
VIII.
TABLE VIII
COMPOSITION OF ELECTROLYTES
Percent Percent Percent Grams ofCommercial Water Ether H3P04Acid (by volume) (by volume) per literSolution (by volume)
1 20 80 287
2 50 50 718
3 70 30 1005
4 20 80 287
5 50 50 718
6 70 30 1005
Water Electrolytes
The polishing curves which resulted from the tests
with the three water electrolytes are shown in Figure 10
and the data for these curves is tabulated in Table IX.
Upon inspection of these curves it is seen that as the
-34-
concentration of the orthophosphoric acid in the elec-
trolyte decreases, the higher the current density at
which the horizontal section appears in the curve.
Furthermore, the width of this horizontal section de-
creases as the concentration of the acid decreases, and
the point of origin of the polishing zone occurs at a
higher voltage. After polishing several specimens in
each of these electrolytes it was determined that the
fifty percent solution was the best.
TABLE IX
DATA FOR POLISHING CURVES FOR WATER ELECTROLYTES
20% Solution 50% Solution 70% SolutionI(ma) Volts Volts Volts
10 0.14 0.16 0.1015 0.17 0.20 0.1120 0.21 '0.66 0.1325 0.30 0.68 0.1530 0.59 0.69 0.3535 0.62 0.70 0.5640 0.64 0.71 0.7545 0.65 0.72 0.7650 0.66 0.72 0.7755 0.67 0.73 0.7860 0.68 0.75 0.8065 0.70 0.75 0.8370 0.71 0.76 0.8575 0.72 0.77 0.8'780 0.73 0.78 0.8885 0.74 0.79 0.9090 0.75 0.80 2.2295 0.76 0.81 2.24100 0.77 0.82 2.24105 0.77 0.83 2.25110 0.78 0.84 2.27115 0.80 0.85 2.29120 0.81 0.87 2.31125 0.82 0.88 2.33130 0.83 0.90 2.35135 0.84 0.93 2.37
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TABLE IX (continued)
20% Solution 50% Solution 70% SolutionI(ma) Volts Volts Volts
140 0.86 0.98 2.40
145 0.89 2.18 2.43
150 0.91 2.19 2.44
155 0.92 2.20 2.46
160 0.94 2.22 2.47
165 0.94 2.23 2.50
170 0.97 2.25 2.52
175 1.00 2.26 2.53
.180 1.01 2.27 2.54
185 1.02 2.27 2.55
190 1.03 2.28 2.56
195 1.06 2.29 2.59
200 1.08 2.30 2.61
205 1.10 2.32
210 1.13 2.34
215 1.16 2.35
220 1.19 2.35
225 1.23 2.36
230 1.32 2.37
235 2.35 2.39
240 2.35 2.40
245 2.36 2.42
250 2.38 2.43
255 2.39
260 2.40
265 2.42
270 2.44
275 2.47
280 2.49
285 2.50
290 2.52
295 2.54
300 2.55
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Effect of Copper Ion Concentration
If the curve in Figure 9 is compared with the curves
in Figure 10 it will be noted that the horizontal portion
of this curve occurs at a lower current than would be ex-
pected. One factor must be considered; the electrolyte
which was used in the former case contained a considerable
concentration of copper ions due to continued use, whereas,
the electrolytes used in the latter case were fresh solu-
tions. The presence of copper ions in the solution de-
creases the concentration gradient existing between the
specimen and the electrolyte. This automatically lowers
the current density because of the decrease in the rate of
diffusion of copper away from the specimen.
Ether Electrolytes
In Figure II are shovm the polishing curves for the
ether electrolytes. The data for these curves is tabulated
in Table X. A curve for the twenty percent electrolyte is
not shown because it was impossible to obtain any consis-
tent readings, however, the curves that are plotted show
that the horizontal portion occurs at a low current. The
reason for this low current density is the high viscosity
of the ether electrolytes, which causes a decrease in the
diffusion rate of copper.
Several specimens were polished in the ether elec-
trolytes but the results obtained were of no consequence.
It has been suggested by some investigators that electro-
-38-
polishing is more effective in ether electrolytes, how-
ever, this is evidently not true of copper.
TABLE X
DATA FOR POLISHING CURVES FOR ETHER ELECTROLYTES
I(ma)
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
50% Solution
Volts 70% SolutionVolts
0.80
0.91
1.10
1.24
1.40
1.51
1.56
2.80
2.92
3.15
3.25
3.40
3.50
3.55
3.60
3.65
3.75
3.85
4.00
4.05
4.10
4.20
4.30
4.40
0.30
0.45
0.64
0.88
2.45
2.60
2.73
2.83
2.88
2.95
3.05
3.15
3.20
3.30
3.40
3.50
3.55
3.60
3.65
3.70
3.75
3.80
3.90
3.95
4.00
4.00
4.05
4.10
4.15
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SECTION IV
EFFECT OF AGITATION
The agitation tests were performed using a fifty
percent solution of orthophosphoric acid. Agitation was
provided by an electric stirring device; the stirrer con-
sisted of a glass rod curved at the stirring end. The
degree of agitation was regulated by varying the speed of
the agitator motor. Two stirrer speeds were used, namely,
1260 rpm and 410 rpm. Results of these tests are illus-
trated by the curves of Figure 12 and the data in Table
XI. The curve for the still solution is the same as the
one shown in Figure 10. Inspection of these curves shows
that as the degree of agitation increases, the higher the
current density at which the polishing range occurs. More-
over, the width of the horizontal section decreases as the
degree of agitation increases. This is explained by the
increased diffusion rate of the copper ions. In other
words, increasing the agitation of the solution has the
same effect as decreasing the concentration of the ortho-
phosphoric acid. Agitation also increases the anode
efficiency and thus dissolution of the specimen is more
rapid in those areas near the greatest turbulance. Con-
sequently, agitation is undesirable when polishing flat
surfaces.
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TABLE XI
DATA FOR AGITATION TESTS
1260 rpm
VoltsI(ma)
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
0.13
0.16
0.18
0.22
0.45
0.68
0.73
0075
0.77
0.78
0.80
0.81
0.83
0.84
0.85
0.86
0087
0.88
0.89
0.90
0091
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1.00
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
1.0\9
1010
1.11
1.12
1.14
1.15
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410 rpm
Volts
0.14
0.15
0.17
0.20
0.65
0.70
0.72
0.75
0.76
0.78
0.79
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.90
0.91
0.92
0.93
0.94
0.95
0.96
0.98
0.99
1.00
1.01
1.02
1.05
1.08
1.15
2.26
2.27
2.37
2.38
2.42
2.43
2.45
2.46
2.47
2.48
TABLE XI (continued)
1260 rpm 410 rpmI(ma) Volts Volts
230 1.16 2.50
235 1.17 2.52240 1.18 2.54245 1.19 2.55250 1.20 2.56255 1.21
260 1.24
265 1.28
270 1.34
275 1.35
280 1.36
285 1.60
290 2.32
295 2.32
300 2.32
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SECTION V
EFFECT Oli' TEMPERATURE
All tests referred to thus far were conducted at
room temperature. To determine the effect of elec-
trolyte temperature on electropolishing, the solution
was heated to 4500 and 600e. Heating was accomplished
by placing the electrolytic cell in a water bath, which,
in turn, was heated with a Fischer burner. The elec-
trolyte used for these tests was a fifty percent acid
solution. Figure 13 shows the effect of temperature on
the polishing curve. The data for these curves will be
found in Table XII. It may be concluded from the tem-
perature tests that an increase in temperature has the
same effect as agitation, or a deorease in acid concen-
tration of the electrolyte, that is, an increase in tem-
perature accelerates diffusion, thereby reducing the
tendency to form a passive film of corrosion products
on the specimen surface. Consequently, the polishing
film formed very slowly, and the resulting polished
surface was inferior to that obtained at lower temper-
atures for the same period of time. A photomiorograph
of a specimen polished at 600e is shown in Figure 14.
From this photomicrograph it is evident that irregular
pitting occurred on the surface.
-45-
I(ma)
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
FIGURE 13
1.7 V - 10 MINS. -60°C - 470X
TABLE XII
DATA FOR TEMPERATURE TESTS
0.07
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.20
0.22
0.25
0.30
0.35
0.41
0.48
0.57
0.70
0.75
0.77
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0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.21
0.25
0.31
0.45
0.60
0.68
0.70
0.72
0.73
TABLE XII (continued)
45°C 60°0I(ma) Volts Volts
120 0.78 0.74125 0.80 0.75130 0.81 0.76135 0.83 0.77140 0.84 0.78145 0.85 0.78150 0.85 0.79155 0.86 0.79160 0.87 0.80165 0.88 0.81170 0.89 0.82175 0.93 0.82180 0.96 0.83185 0.98 0.84190 1.01 0.85195 2.17 0.86200 2.19 0.87205 2.20 0.87210 2.20 0.88215 2.22 0.90220 2.24 0.93225 2.25 0.95230 2.25 0.98235 2.26 1.03240 2.26 2.12245 2.27 2.13250 2.27 2.15255 2.15260 2.16265 2.18270 2.20275 2.21280 2.21285 2.22290 2.22295 2.23300 2.24
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SECTION VI
PREPARATION OF COPPER SPECII~NS FOR
METALLOGRAPHIC EXAIl,llINATION
Polishing
Having determined the most satisfactory conditions
for the electropolishing of copper, several specimens
were prepared for microscopic examination. Prior to
electropolishing, the one-half inch plates were cleaned
in a fifty percent solution of nitric acid and water.
Figure 15.
FIGURE 15
CLEANED IN NITRIC ACID - 470X
Preliminary sanding was not necessary because the copper
used for these tests was relatively smooth. Rough surfaces
should, however, be taken down to the finish produced by
-49-
000 grit emery paper. Figure 16.
The smoother the surface initially, the less the polish-
ing time. Polishing was accomplished in a fifty percent, by
volume, solution of orthophosphoric acid using copper elec-
trodes. Best results were obtained by polishing at a volt-
age between 1.4 and 1.6 volts for a minimum time of five
minutes. A photomicrograph of an electropolished surface is
shown in Figure 17.
FIGURE 17
ELECTROPOLISHED SURFAGE--l.5 V - 5 MINS. - 470X
FIGURE-16
SANDED TO 000 GRIT - 470X
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For comparison, several samples were mechanically
polished on a series of graded abrasives, including an
alumina lap and a rouge lap. Figure 18 illustrates the
surface finish produced by this treatment, and clearly
shows the flowed structure characteristic of mechanical
polishing.
FIGURE 18
MECHANICALLY POLISHED SURFACE - 470X
Effect of Electrode Potential on Polishing
Electrode potential has a very important effect on
the surface produced in any electropolishing operation.
Referring to the theoretical curve presented in Figure
2, it is seen that this curve has three definite zones.
Each of these three zones is characterized by a particu-
lar appearance of the surface of the anode specimen. Sub-
jecting a copper specimen to a voltage within the range
corresponding to the first section of the curve results
-51-
in a matt surface which is irregularly pitted. Figure 19.
FIGURE 19
MATT SUIIFACE--0.7 V - 5 MINS. - 470X
Within the voltage range indicated by the horizontal
section of the curve a bright polished surface is obtained.
Figure 17. Increasing the potential to a point beyond the
horizontal section results in a bright surface having a
large number of small areas that stand out in relief. Fig-
ure 20.
FIGURE 20
PITTED SURFACE--2.5 V - 5 MINS. - lOOX
These areas of relief are due to the formation of gas
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bubbles, which adhere to the surface and prevent anodic
attack at these points.
Etching
After polishing it is possible to electrolytically
etch the specimen in the same solution, merely by decreas-
ing the electrode potential. The procedure used in the
etching of copper was as follows: the specimen, after
completing polishing, was removed from the electrolyte,
washed in distilled water and dried; it was then returned
to the cell and a potential of 0.2 volt was applied for
about one minute, after which the sample was again washed
and dried. Figure 21 shows the result obtained using
this technique.
FIGURE 21
ELECTROLYTIC POLISH AND ETCH--470X
POLISH--l.5 V - 5 MINS.
ETCH--0.2 V-I MIN.
Another method of etching was also developed, whereby
it was not necessary to remove the polished specimen from
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the cell. This method consisted of applying mechanical
agitation to the electrolyte, after the completion of
polishing, for a period of thirty seconds to one minute.
Agitation destroys the film of anodic corrosion products
and causes an appreciable drop in potential, therefore,
this latter method had the same effect as the one pre-
viously described and the results obtained were the same.
If the etch originally obtained was too severe, it
was a Simple matter to replace the specimen in the elec-
trolyte, apply the potential necessary for polishing for
a short time until a bright surface was obtained, and
then etch as before, but for a shorter period of time.
For comparative purposes, a mechanically polished
specimen was chemically etched by dipping in a solution
of potassium bichromate, a common etching reagent for
copper. A photomicrograph of this specimen is shown in
Figure 22, in which evidence of disturbed metal is
readily noted.
FIGURE 22
MECHANICAL POLISH AND ETCH--470X
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SECTION VII
LOSS OF VffiIGHT DETERMINATIONS
Inasmuch as electropolishing removes the high spots
from a specimen surface, there will necessarily be a size
and weight loss. This loss, however, is not as great as
in the case of mechanical polishing. Table XIII clearly
illustrates this fact.
TABLE XIII
LOSS OF 'VVEIGHTBY MECHANICAL AND ELECTROLYTIC POLISHING
Sample Weight Before Weight After Weight Lost
1 0.7316 0.6898 0.04182 0.7619 0.7366 0.02533 0.7463 0.7059 0.04044 0.7409 0.7103 0.03065 0.7350 0.7143 0.0207
Average loss 0.0316
Electr£polishing
Sample Voltage Time Weight Before Weight After Weight Lost
1 1.4 5 min. 0.7752 0.7643 0.01092 1.4 5 min. 0.7399 0.7294 0.01053 1.4 5 min. 0.7432 0.7333 0.00994 1.4 5 min. 0.7148 0.7047 0.01015 1.4 5 min. 0.7303 0.7201 0.0102
Average loss
*Note - All weights are in grams.
0.0103
It is seen from the results in the above table that it
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., .
would be very diffi~ult to control the loss of weight
when using mechanical methods. The direct opposite is
true for electropolishing because it is very easy to
control the loss of weight, and hence the size reduc-
tion, simply by regulating the time of polishing •
This fact suggests another use of the electro-
Polishing technique, and that is, the removal of ex-
cess surface. When a rod or bar is oversize by a small
amount, electropolishing can be satisfactorily used to
correct the condition. Furthermore, burrs can be read-
ily removed; this is of special use, of course, when the
burrs are inaccessible to a wheel.
The following calculations give some idea of the
small size reduction which is possible with electro-
polishing:
Density of copper = 8.9 gms. per cu. cm.
Copper removed = 0.0103 gms.
Area of specimen = 0.25 sq. in. = 1.6129 sq. cm.
Size reduction = 0.0103 = 0.0007 cm••0.OO3 in.8.9 x 1.6129
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SECTION VIII
IMPROVED POLISHING CIRCUIT
The circuit used in all prior experiments necessitated
constant meter observation and rheostat control for main-
taining the proper cell voltage. This regulation was essen-
tial until the polishing range had been reached and opera-
tional stability obtained. Even then wide fluctuations in
current and voltage occurred. Sudden changes in cell con-
ditions sometimes caused erratic behavior, or excessive
voltages, resulting in either etching or pitting the speci-
Although the aforementioned difficulties were rela-
tively minor in nature, nevertheless, they were inherent
in the original apparatus, and were time-consuming when
polisning numerous specimens. To overcome them, and to
stabilize cell operation for the entire period of polish-
ing, a low range resistor was shunted across the cell.
This arrangement was first developed by Julius Horowitz
and Joseph Moltz.9
The circuit is based upon the principal that a
parallel combination of a low resistance and a high re-
sistance will have substantially the resistance of the
former. In this case, Rb was maintained at about two
ohms, which was about one-tenth of the total cell resis-
tance. Resistance of the combination was therefore in-
dependent of cell variations, and the electrode potential
men.
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was maintained at a constant value determined by the values
of Rb, Rr and the source voltage. Figure 23.
Battery Rr .
6 +~--~---:---Q ---l
It Rheostat ~ Ivo s Milliammeter- I
T I
I + IL~~~~~/~IIF1 lli i
( I _L _I_ I I I II I I I L -J
I I Cell I I Switch
I I -e- III L__ V + --_j I
I II Voltmeter I
IL ~---_j
Rheostat
RbL~--------------~
Several advantages were realized in using this im-
proved polishing circuit and are summarized as follows:
1. Constant observation after the first minute or
FIGURE 23
SKETCH OF IMPROVED POLISHING CIRCUIT
mens may be polished or etched without further
adjustment.
so of operation is not required.
2. Once the rheostats are set, any number of speci-
3. Higher polishing voltages, within the polish-
ing range, may be used with operational stability.
4. Polishing time is shortened when using higher
voltages due to the increased current density.
5. Manipulation of specimens is simplified, par-
ticularly in their removal from the cell, since
the line switch may be left closed.
MONTANA SCHOOL OF MINES WUllt
BllDIJ
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SECTION IX
REFLECTIVITY OF MECHANICALLY AND ELECTROLYTICALLY
POLISHED COPPER
The reflectivity of the polished specimens was de-
termined by means of an optical instrument, shown in
Figures 24 and 25, and a photo-electric densitometer.
H
_ (I 0 .
T, II Ii ~ B
_~Y4 _~I I _J -- E ~---[--------~a.
G -1- -- --..._ _---- --- I _-
(::IoC -- -- --- _----- A
I I I I I I' I
~ k-41/ I 17" I
:/Yi'r-2~ i-4%~~
Sft6' 718"
A--Source of light.
B--Diaphragm (opening 1/32 inch diameter).
C--Plano-convex lens.
D--Smoked-iron screen (opening 1/8 inch diameter).
E--Double-convex lens.
F--Adjustable diaphragm.
G--Specimen mount.
H--Leica 35 mm. camera with lens removed.
~--Angle of 450 to 500•
FIGURE 24
SKETCH OF OPTICAL-INSTRU~mNT
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FIGunE 25
OPTICAL INSTRUMENT
The optical instrument employed was a modification of
the one used by Jacquet for the purpose of measuring the
reflectivity of anodically treated surface~.l The procedure
followed consisted in photographing a parallel pencil of
light reflected from the metal surface under investigation,
and measuring the density of the spot obtained with a photo-
electric densitometer. This procedure was the same as that
employed by Jacquet except for the application of the den-
sitometer. Under the Jacquet method the shape and dimensions
of the spot obtained on the photographic plate were used as
a rough indication of the reflectivity of the metal surface.
It is believed that the use of the densitometer provides a
more accurate method of determining the amount of light re-
flected from polished surfaces, because line densities are
closely related to line intensities, and in turn, line in-
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,tensities are proportional to the amount of light reflected.
Following the indicated procedure, a series of tests
was made to determine the relative reflectivity of mechan-
ically and electrolytically polished surfaces, a silvered
mirror, and an electrolytically pitted surface. The direct
light beam was also projeoted onto the camera film in order
to establish a basis of reflective value for the purpose of
comparison. The 'results of these tests are listed in Table
XIV and various negatives, depicting such results, are
shown in Figures 26 to 30.
TABLE XIV
DENSITOMETER READINGS AND PERCENT OF
TOTAL LIGHT REFLECTED
Electropolished Mechanically Silvered Pitted Direct
Surface Polished Sur- Mirror Surface Beam
face
44 40 27 58 6445 37 26 59 6644 38 30 61 61
47 39 27 59 6343 38 26 58 6546 41 31 61 6747 40 30 58 63
45 38 27 61 63
47 41 29 57 65
45 39 30 60 64-
verage
45 39 28 59 64
Percent
Reflected
70% 61% 44% 92% 100%
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FIGURE 26
ELECTROPOLISHED
SURFACE
FIGURE 28
SILVERED MIRROR
FIGURE 27
MECHANICALLY
POLISHED SURFACE
FIGURE 29
PITTED SURFACE
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FIGURE 30
DIRECT LIGHT
BEAM
CONCLUSIONS
The experimental results·which have been presented
indicate the following conclusions:
1. Aluminum very readily becomes anodized in aqueous
solutions of orthophosphoric acid.
2. An electrical contact between oopper and aluminum
retards the anodization rate of aluminum.
3. The smaller the polishing surface of the article,
the more rapidly the liquid film of corrosion products
forms, thereby accelerating the polishing.
4. When polishing copper best results are obtained
.under the following conditions:
a. Use a copper cathode conforming to the
periphery of the cell, and a copper
anode all sections of which have been
insulated except those necessary for
electrical contact.
b. Do not agitate the eleotrolyte, and
maintain the solution, if possible,
at room temperature.
c. The electrolyte should be composed of
water and orthophosphoric acid, and
should contain from 575 to 725 grams
of H3P04 per liter of solution.
5. The polishing of copper necessitates voltage con-
trol and not current control.
-64-
6. Copper specimens can be electrolytically etched
subsequent to electropolishing by two methods:
a. Agitate the solution for thirty seconds
to one minute.
b. Remove the specimen from the electrolyte,
wash in distilled water, dry, return the
sample to the cell and apply an electrode
potential of 0.2 volt for thirty seconds
to one minute.
7. Electrolytically polished surfaces are free from
the amorphous layer of worked metal which normally exists
on the surface of all mechanically polished metals.
!
8. Metallographic specimens prepared by electrolytic
polishing and etching show complete absence of disturbed
metal •
. 9. Polishing within the low voltage range produces
an irregularly pitted surface.
10. Polishing within the range beyond the horizontal
section of the polishing curve results in a bright pitted
surface. It is believed that the finish thus produced'
has definite commercial possibilities.
11. Loss of weight and size reduction can be very
accurately controlled by electropolishing.
12. A low range resistor shunted across the elec-
trolytic cell stabilizes cell operation and simplifies
procedure.
13. Any effect that favors diffusion of the products
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of anodic attack produces a definite rise in the minimum
current density necessary for polishing. These factors
include lowering the concentration of the solution, in-
creasing the temperature and agitation.
14. Any effect that does not favor diffusion, that
is, reduces the fluidity of the electrolyte or decreases
the concentration gradient, causes a definite decrease
in the current density necessary for polishing. Among
these factors are the use of ether in the electrolyte,
and the presence of copper ions in the solution.
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RECOMMENDATIONS
The following suggestions for future experimentation
are presented:
1. Investigate the possibility of anodic pickeling
of iron and steel to prevent hydrogen embrittlement.
2. Study the effect of electropolishing on sub-
sequent electrodeposition. Jacquet reports that when
itcopper is deposited on electrolytically polished surfaces
of copper, the structure of the deposit 1S j,9.enticalwith
that of the basis metal, and shows crystalline continuity
so complete that it is difficult to notice a line of de-
marcation between the two.l It is readily understood that
this discovery may have important applications in the
preparation of metal surfaces for electroplating.
3. Determine the applicability of the method used
in this investigation to the electropolishing of other
metals.
4. Ascertain the corrosion resistance of electro-
polished metals.
5. With the aid of optical standards, investigate
the possibility of a more extensive use of the method
employed, for the purpose of measuring the reflective
value of other metals and substances.
6. Make additional tests for the purpose of de-
termining the merits of electropolishing as a substitute
for precision machining.
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